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Abstract
Thumb reduction is among the most important features distinguishing the African and Asian
colobines from each other and from other Old World monkeys. In this study we demonstrate
that the partial skeleton KNM-ER 4420 from Koobi Fora, Kenya, dated to 1.9 Ma and assigned to the Plio-Pleistocene colobine species Cercopithecoides williamsi, shows marked
reduction of its first metacarpal relative to the medial metacarpals. Thus, KNM-ER 4420 is
the first documented occurrence of cercopithecid pollical reduction in the fossil record. In
the size of its first metacarpal relative to the medial metacarpals, C. williamsi is similar to extant African colobines, but different from cercopithecines, extant Asian colobines and the
Late Miocene colobines Microcolobus and Mesopithecus. This feature clearly links the
genus Cercopithecoides with the extant African colobine clade and makes it the first definitive African colobine in the fossil record. The postcranial adaptations to terrestriality in Cercopithecoides are most likely secondary, while ancestral colobinans (and colobines) were
arboreal. Finally, the absence of any evidence for pollical reduction in Mesopithecus implies
either independent thumb reduction in African and Asian colobines or multiple colobine dispersal events out of Africa. Based on the available evidence, we consider the first scenario
more likely.

Introduction
Extant colobine monkeys (Order Primates, Subfamily Colobinae) can be divided into two
major groups, usually recognized as subtribes: the African Colobina, including the genera
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Colobus (black and black-and-white colobus monkeys) and Procolobus (red and olive colobus
monkeys), and the Asian Presbytina, including the genera Presbytis, Semnopithecus, Trachypithecus (leaf monkeys and langurs), Nasalis, Simias, Pygathrix, and Rhinopithecus (odd-nosed
monkeys) [1–6]. Molecular evidence corroborates the division of extant Colobinae into these
two subtribes and also suggests that they diverged approximately 10–12 Ma [7–12].
Although fossil colobines are common in the late Miocene through Plio-Pleistocene fossil record, their relationships to the modern subtribes are currently unclear. For example, the African
fossil record of colobines is extensive and considerably more diverse than the extant colobinan
radiation with at least six extinct genera (Microcolobus, Rhinocolobus, Paracolobus, Libypithecus,
Kuseracolobus, and Cercopithecoides) [13]. However, despite several partial crania and even a few
partial skeletons being known for a number of genera [14–23], the phylogenetic relationships of
these extinct forms to each other and to the living forms are not well resolved [2,4,5,17,19,24,25].
At present, there are a number of hypotheses regarding the phylogenetic relationships of
late Miocene-Pliocene African fossil colobines. Delson [2,4,17,24] hypothesized that all of the
extinct African fossil genera are stem colobinans, with the possible exception of Microcolobus,
and he further suggested that Libypithecus may be more closely related to the extant African
genera than the other fossil forms. Nakatsukasa et al. [23] recently provided strong evidence
that Microcolobus possessed an unreduced pollex, based on a partial skeleton with incomplete
MC I, MC II and complete MC IV (KNM-NA 47916). They showed that MC I base area was
within the cercopithecine range when compared to MC IV length. Therefore, their finding supports previous assessments that Microcolobus is most likely a stem colobine [2,26].
Leakey [19,25] hypothesized that Cercopithecoides was likely a stem colobine not specifically
related to either modern clade, but rather to the (semi-)terrestrial extinct Eurasian genera
Mesopithecus and Dolichopithecus. This assessment was based, at least in part, on the fact that
the preserved postcranial elements of Cercopithecoides williamsi suggest a semi-terrestrial to
terrestrial monkey, similar to Mesopithecus and Dolichopithecus [18,21,22]. In addition, Leakey
hypothesized that Rhinocolobus may have affinities to Libypithecus and the extant Asian genus
Nasalis [19]. Jablonski [5] placed Rhinocolobus within the African colobine clade, but considered Cercopithecoides and the other African fossil genera of unknown affinity. Most recently,
Jablonski et al. [22] proposed that Rhinocolobus was closely related to Nasalis and Cercopithecoides williamsi was closely related to Mesopithecus and Semnopithecus.
One of the most distinctive features of extant colobines is the reduction of the pollex relative
to its condition in cercopithecines, with significantly greater reduction in colobinans than presbytinans [4]. In fact, the subfamily Colobinae and genus name Colobus derive from the Greek
word for “maimed” or “mutilated”, in reference to the highly reduced-to-absent external
thumb. Manual elements, including thumbs, are rare in the colobine fossil record, with remains
of only two genera described to date: Mesopithecus [27] and Microcolobus [23]. Neither of
these appears to show much, if any, reduction of the pollical phalanges or first metacarpal
[4,23,28]. Here we report the state of first metacarpal reduction in Cercopithecoides williamsi
preserved in the partial skeleton KNM-ER 4420 from the Upper Burgi Member of the Koobi
Fora Formation [19,22]. We demonstrate that KNM-ER 4420 represents the earliest known evidence for significant thumb reduction in the colobine fossil record and, as such, it has significant bearing on the affinities of C. williamsi and the evolution of thumb reduction and manual
morphology within the Colobinae.

Materials and Methods
No living animals were used in this study. This analysis was carried out on specimens housed at
institutions listed in the acknowledgments. All regulations at these institutions were followed.
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Permits were only required for the National Museum of Kenya, Nairobi and the National Museum of Ethiopia, Addis Ababa; these were issued by the Kenyan National Commission for Science, Technology and Innovation and by the Ethiopia Authority for Research and Conservation
of the Cultural Heritage respectively.
KNM-ER 4420 includes portions of all five metacarpals on the left side. Metacarpal (MC) I
preserves an intact base and what appears to be over half of the shaft. The distal end of MC I is
not preserved. What is preserved of MC I suggests that the shaft would not have extended
much further, due to the tapering already present. Overall, the shape of the preserved bone
looks most similar in overall relative proportions to that seen in African colobines. MC II preserves an intact base and approximately one-third of the proximal shaft; the distal portion of
MC II is also present but does not fit onto the proximal portion, due to some apparent distortion. Therefore, it is impossible to determine exactly how the proximal and distal portions of
MC II relate to each other with any confidence or accuracy. MC III, MC IV, and MC V are all
complete, with the exception of some damage to the MC V base and a few midshaft breaks that
were repaired during preparation (Fig 1). The metacarpals of KNM-ER 4420 are typical of extant colobines, with a few notable exceptions in their morphology. First, they are noticeably
larger, due to the large size of Cercopithecoides williamsi compared with living African colobines. Second, they are stouter and more robust in their proportions, as would be expected in a
more terrestrial animal. Finally, also in line with a semi-terrestrial/terrestrial locomotor pattern, their shafts appear to be straighter than those of most living colobines, but more curved
than is the case in papionins. Raw measurements on the MCs of KNM-ER 4420 are provided
in Table 1 and illustrated in Fig 2.
For analysis, we examined a comparative sample consisting of 30 extant colobines and 41
extant cercopithecines (Table 2) as well as data from the literature on fossils of Mesopithecus
(MNHN PIK 302 [27]) and Microcolobus (KNM-NA 47915 [23]). For each specimen in the
comparative sample, three measurements were taken on all 5 metacarpals: the total proximodistal bone length and the maximum medio-lateral width and dorso-palmar height of the base.
All measurements were collected using digital calipers and recorded to the nearest tenth of a
millimeter (Fig 2; S1 Table). All standard statistical analyses were performed in SPSS and
PAST. In addition to standard statistics, phylogenetically corrected statistical analyses (phylogenetic least squares regressions and ANOVAS) were performed using the Caper package in R
[29–30]. In phylogenetic least squares analyses, multiple specimens per species were treated as
separate OTUs and enumerated with a number at the end of the species name (e.g., Colobus_
guereza1, Colobus_guereza2, etc.). The corresponding tree treated the enumerated specimen
names as polytomies to represent a single species. See S1 PGLSTree for the nexus file used in
phylogenetic correction. For all regression analyses and ANOVAs both standard and phylogenetically corrected results are presented.
First, regression analyses were undertaken to establish the relationship between base area
(medio-lateral width x dorso-palmar height) and proximo-distal length for each metacarpal.
Simple indices of shape comparing the base area of MC I versus the base areas of the other
MCs were then compared between extant African colobines (Colobina), extant Asian colobines
(Presbytina), extant cercopithecines (Cercopthecinae), Cercopithecoides williamsi, and Mesopithecus, both graphically and statistically through one-way ANOVAs with Games-Howell
post-hoc comparisons for significance due to the inequality of variances between groups. The
ratios of MC I base area to the base areas of each of the other metacarpals were also tested for
allometric scaling with hand size by conducting correlations against the geometric mean of 13
metacarpal measurements for each specimen (the 13 measurements preserved in KNM-ER
4420, explained further below). While MC I base area/MC II base area and MC I base area/MC
V base area were not allometric (log MC I base area/MC II base area p = 0.08; PGLS p = 0.92;
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Fig 1. Left metacarpals of selected cercopithecids in approximate articulated position, dorsal and proximal views. A. Colobus guereza, female; B.
Nasalis larvatus male; C. Cercopithecoides williamsi (KNM-ER 4420) male; D. Papio hamadryas anubis male (photographically reversed).
doi:10.1371/journal.pone.0125030.g001
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Table 1. Standard measurements for left metacarpals of KNM-ER 4420.
Element

Length

Base DP

Base ML

Mid-shaft DP

Mid-shaft ML

Head DP

Head ML

MC I

-

8.3

7.7

-

-

-

-

MC II

-

12.9

9.6

6.2

5.9

11.6

9.4

MC III

58.5

13.3

9.2

5.9

7.2

10.8

9.7

MC IV

55.5

11.8

9.8

5.6

6.1

10.7

9.7

MC V

55.4

(9.9)

(8.9)

6.3

5.3

10.1

8.9

Notes: DP = dorso-palmar, ML = medio-lateral,— = unavailable measurement. Numbers in parentheses represent estimates. Measurements of MC II Midshaft and head are from separate distal MC II fragment.
doi:10.1371/journal.pone.0125030.t001

log MC I base area/MC V base area p = 0.06; PGLS p = 0.23), the other two ratios were determined to be slightly positively allometric (log MC I base area/MC III base area, p < 0.05; PGLS
p = 0.48; log MC I base area/MC IV base area, p < 0.05, PGLS p = 0.43). Therefore, these last
two ratios were also plotted relative to regression lines with 95% confidence intervals for each

Fig 2. Metacarpal measurements presented in Table 1. For metric analyses, only proximodistal length,
mediolateral breadth of the base, and dorsopalmar depth of the base were included.
doi:10.1371/journal.pone.0125030.g002
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Table 2. Sample size for specimens included in this analysis. For further details see S1 table. See acknowledgments for museum abbreviations.
Taxon

Sample Size (Males, Females, Unknown)

Museum Collection

Colobus guereza

(3,4,0)

KNM

Colobus polykomos

(0,1,0)

KNM

Piliocolobus rufomitratus

(2,1,1)

AMNH, KNM

Piliocolobus kirkii

(0,1,0)

KNM

Nasalis larvatus

(5,1,0)

AMNH, USNM

Presbytis comata

(0,2,0)

AMNH

Presbytis melalophos

(1,0,0)

AMNH

Rhinopithecus roxellanae

(1,0,0)

AMNH

Semnopithecus johnii

(1,0,0)

USNM

Trachypithecus cristatus

(1,1,0)

AMNH

Tracypithecus obscurus

(1,3,0)

AMNH

Cercopithecoides williamsi

(1,0,0)

KNM

Mesopithecus pentelicus

(0,2,2)

MNHN

Cercopithecus albogularis

(1,3,0)

KNM

Cercopithecus mitis

(1,2,0)

AMNH, USNM

Cercopithecus neglectus

(1,0,0)

AMNH

Chlorocebus aethiops

(1,1,0)

AMNH, KNM

Erythrocebus patas

(2,0,0)

AMNH, KNM

Cercocebus agilis

(3,0,0)

AMNH

Lophocebus albigena

(1,1,0)

AMNH

Macaca fascicularis

(1,0,0)

USNM

Macaca nemestrina

(3,1,0)

USNM

Macaca thibetana

(6,0,0)

AMNH, USNM

Mandrillus sphinx

(0,1,0)

AMNH

Papio hamadryas

(4,1,1)

KNM, USNM

Theropithecus gelada

(3,3,0)

AMNH, KNM, HERC, NME

African colobines

Asian colobines

Fossil Colobines

Cercopithecins

Papionins

doi:10.1371/journal.pone.0125030.t002

taxonomic group (cercopithecines, Asian colobines, and African colobines) to more accurately
assess the distribution among taxa.
To specifically assess the size of MC I base area relative to the overall size of the hand rather
than relative to other MC base areas, one-way ANOVAs were calculated between African colobines, Asian colobines and cercopithecines using a ratio of MC I base area divided by the geometric mean. Because this last ratio was also significantly correlated with hand size (i.e.,
positively allometric, p < 0.01; PGLS p < 0.01), regression equations were again calculated for
African colobines, Asian colobines, and cercopithecines separately with 95% confidence intervals for individual data points plotted around each regression line.
Finally, an overall assessment of MC I—MC V morphology was provided by a principal
components analysis (PCA) of 13 size-corrected variables for 72 specimens; raw measurements
for each specimen were divided by the geometric mean of all 13 measurements for each specimen in order to control for absolute size variation among specimens. The 13 variables included
in the PCA were those present in KNM-ER 4420: all 10 base diameters plus the proximo-distal
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Fig 3. Bivariate plots showing correlation between metacarpal basal area and length transformed as logarithms.
doi:10.1371/journal.pone.0125030.g003

lengths of MC III—V (S1 Table). Post-hoc correlation analyses were then performed to better
determine which measures and features were most prominent in the loadings on the first 3
principal component (PC) axes.

Results
Regression analyses demonstrate that the base area of a given metacarpal is highly positively
correlated with its overall length in cercopithecoid primates (Fig 3; Table 3). All regressions of
MC base area vs. length within the same element are highly significant, and most importantly
for our analyses, the tightest correlation is between MC I base area and MC I length (r2 = 0.814,
PGLS r2 = 0.660). In fact, the correlation coefficient between MC I base area and MC I length
within colobines is even higher (r2 = 0.872, PGLS r2 = 0.801), demonstrating that most of the
variation lies within cercopithecines and that MC I base area is an accurate predictor of MC I
length within colobines.
All of the ANOVAs are significant for the ratios of MC I base area/MC II base area, MC I
base area/MC III base area, MC I base area/MC IV base area, MC I base area/MC V Area, and
MC I base area/Geometric Mean, with post-hoc tests suggesting that African colobines < Asian
Table 3. Results of correlation analyses for metacarpal lengths with base areas. All models were highly significant with p < 0.001.
Correlation Analysis

n

Regression equation

r2-value

PGLS r2-value

MC I

71

y = 0.45x + 0.64

0.814

0.660

MC II

71

y = 0.40x + 0.92

0.792

0.737

MC III

71

y = 0.39x + 0.93

0.746

0.749

MC IV

71

y = 0.42x + 0.91

0.725

0.689

MC V

69

y = 0.43x + 0.88

0.689

0.631

doi:10.1371/journal.pone.0125030.t003
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Table 4. Results of ANOVAs for MC I basal area compared to those of MC II—V.
Feature/Ratio

Taxon

n

Mean,
s.d.

Range

Signiﬁcance

PGLS Signiﬁcance

MC I Base Area /
MC II Base Area

African
colobines

13

0.51,
0.05

0.44–
0.61

< Asian colobines,
p < 0.001 < Cercopithecines, p < 0.001

< Asian colobines,
p < 0.001 < Cercopithecines, p < 0.001

Asian colobines

17

0.72,
0.14

0.57–
1.00

> African colobines,
p < 0.001 < Cercopithecines, p < 0.05

> African colobines, p < 0.001 <
Cercopithecines, p < 0.001

Cercopithecines

41

0.83,
0.10

0.66–
1.04

> African colobines, p < 0.001 > Asian
colobines, p < 0.05

> African colobines, p < 0.001 > Asian
colobines, p < 0.001

African
colobines

13

0.43,
0.05

0.33–
0.51

< Asian colobines,
p < 0.001 < Cercopithecines, p < 0.001

< Asian colobines, p < 0.001 <
Cercopithecines, p < 0.001

Asian colobines

17

0.75,
0.15

0.58–
1.12

> African colobines, p < 0.001
Cercopithecines, p = 0.31

> African colobines, p < 0.001 <
Cercopithecines, p = 0.56

Cercopithecines

41

0.81,
0.10

0.59–
1.05

> African colobines, p < 0.00 > Asian
colobines, p = 0.31

> African colobines, p < 0.001 > Asian
colobines, p = 0.56

African
colobines

13

0.50,
0.06

0.40–
0.61

< Asian colobines,
p < 0.001 < Cercopithecines, p < 0.001

< Asian colobines,
p < 0.001 < Cercopithecines, p < 0.001

Asian colobines

17

0.93,
0.15

0.71–
1.23

> African colobines,
p < 0.001 < Cercopithecines, p = 0.06

> African colobines,
p < 0.001 < Cercopithecines, p = 0.57

Cercopithecines

41

1.03,
0.17

0.66–
1.42

> African colobines, p < 0.001 > Asian
colobines, p = 0.06

> African colobines, p < 0.001 > Asian
colobines, p = 0.57

African
colobines

13

0.53,
0.07

0.42–
0.65

< Asian colobines,
p < 0.001 < Cercopithecines, p < 0.001

< Asian colobines,
p < 0.001 < Cercopithecines, p < 0.001

Asian colobines

17

1.02,
0.21

0.74–
1.50

> African colobines,
p < 0.001 < Cercopithecines, p = 0.76

> African colobines,
p < 0.001 < Cercopithecines, p = 0.51

Cercopithecines

39

1.06,
0.19

0.71–
1.82

> African colobines, p < 0.00 > Asian
colobines, p = 0.76

> African colobines, p < 0.001 > Asian
colobines, p = 0.51

African
colobines

13

2.23,
0.21

1.83–
2.53

< Asian colobines,
p < 0.001 < Cercopithecines, p < 0.001

< Asian colobines, p < 0.01 <
Cercopithecines, p < 0.05

Asian colobines

17

3.88,
1.02

2.76–
5.90

> African colobines,
p < 0.001 < Cercopithecines, p < 0.05

> African colobines, p < 0.01 <
Cercopithecines, p = 0.70

Cercopithecines

41

4.62,
1.08

2.36–
7.21

> African colobines, p < 0.001 > Asian
colobines, p < 0.05

> African colobines, p < 0.05 > Asian
colobines, p = 0.70

MC I Base Area /
MC III Base Area

MC I Base Area /
MC IV Base Area

MC I Base Area /
MC V Base Area

MC I Base Area /
Geometric Mean

doi:10.1371/journal.pone.0125030.t004

colobines < cercopithecines for MC I base area/MC II base area and MC I base area/Geometric
Mean (Table 4). ANOVAs for MC I base area/MC III base area, MC I base area/MC IV base
area, and MC I base area/MC V base area do not show a significant difference between Asian
colobines and cercopithecines, although African colobines remain statistically different from
both. This suggests that MC I base area/MC II base area and MC I base area/Geometric Mean
are probably the most informative measures, since Asian colobines are indeed noted to have at
least somewhat reduced thumbs compared to cercopithecines [4, 28]. This is perhaps not surprising since MC I base area and MC II base area are the two measures most highly correlated
with their respective MC lengths. Still, boxplots of all metacarpal ratios illustrate that C. williamsi consistently falls within the range of African colobines and outside the ranges of Asian
colobines and cercopithecines while Mesopithecus falls within the ranges of both Asian colobines and cercopithecines (Fig 4).
Games-Howell post-hoc comparisons used due to unequal variances. n = sample size,
PGLS = phylogenetic least squares significance values. Ratios for Cercopithecoides williamsi
are: MC I/MC II = 0.52, MC I/MC III = 0.52, MC I/MC IV = 0.55, MC I/MC V = 0.73, MC I/
Geometric Mean = 4.29. Note that MC V of C. williamsi is slightly damaged and abraded, resulting in a likely underestimate of MC V base area and an overestimate of MC I/MC V for this
specimen. Ratios for Mesopithecus pentelicus are: MC I/MC II = 0.88, MC I/MC III = 0.86, MC
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Fig 4. Box plots showing basal area of MC I compared to those of MC II-V. African colobines shown in blue, Cercopithecoides in red, Asian colobines in
green, Mesopithecus in purple, and cercopithecines shown in gold. Cercopithecini and Papionini pooled within the Cercopithecinae as they are not
significantly different in these measures. The central bar represents the median, or 50th percentile. The bottom and top of each box represent the value at the
25th and 75th percentiles, respectively, and the whiskers extend to the farthest observation that is less than 1.5 times the length of the box. Any individuals
outside of the whisker range are marked separately.
doi:10.1371/journal.pone.0125030.g004

I/MC IV = 1.03, MC I/MC V = 1.12, MC I/Geometric Mean = 3.60. For boxplots with ranges,
see also Fig 4. For Relative MC I base area regressions with 95% confidence intervals, see Fig 5.
To more closely examine those ratios scaling allometrically (see Table 5 for equations and r2
values), regression plots are presented in Fig 5. Regression plots of MC I base area/ MC III base
area and MC I base area/MC IV base area demonstrate that C. williamsi falls outside of the
95% confidence interval of Asian colobines and cercopithecines, but within the 95% confidence
interval for African colobines. A regression plot of relative MC I base area (MC I base area/
Geometric Mean) vs. Geometric Mean demonstrates that only African colobines and C. williamsi fall below the regression line, and again C. williamsi falls within the 95% confidence interval of African colobines but outside the 95% confidence limits of both Asian colobines and
cercopithecines. Thus, for all ratios, C. williamsi exhibits a relative MC I base area within the
range that would be predicted for an African colobine of its size, but outside of the range predicted for an Asian colobine or cercopithecine of its size. Mesopithecus falls outside the range
of African colobines in all cases, outside the 95% confidence interval of Asian colobines in
most cases, and within the 95% confidence interval of cercopithecines in all cases.
The PCA of 13 size-adjusted metacarpal variables reveals consistent differences in the relative proportions of the metacarpals among cercopithecid taxa. The first three PCs explain 93%
of the total variance in the sample (Table 6). Higher order PCs explain little variance and
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Fig 5. Regression plots of allometrically influenced MC I base area ratios compared to the geometric
mean. In each panel, the overall cercopithecoid regression is presented on the left and the subgroup
regression lines with 95% confidence intervals are presented on the right. Note that in all comparisons, C.
williamsi falls within the 95% confidence interval of African colobines, but outside the 95% confidence
intervals of Asian colobines and cercopithecines.
doi:10.1371/journal.pone.0125030.g005

neither correlate significantly with size nor strongly segregate taxonomic groups and therefore
are not considered further here.
The first principal component (PC1) accounts for a full 85% of the sample variance and
loads strongly positively on MC III—V lengths (the only length measures in the analysis) and
Table 5. Results of correlation analyses for allometrically influenced base area ratios.
Correlation Analysis

n

Regression equation

r2-value

PGLS r2-value

MC I Base Area/MC III Base Area vs. Geometric Mean

71

y = 0.33x - 0.49

0.055

0.007

MC I Base Area/MC IV Base Area vs. Geometric Mean

71

y = 0.49x - 0.55

0.093

0.009

Relative MC I Base Area vs. Geometric Mean

71

y = 1.34x - 0.77

0.557

0.592

See Materials and Methods section of text for p-values of each regression and Fig 5 for graphical representation.
doi:10.1371/journal.pone.0125030.t005
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Table 6. Eigenvalues, percent variance explained, and summary of loadings for first 4 principal components.
Principal Component

Eigenvalue

% Variance

Loadings: strongly positive vs. negative

PC 1

0.283

85%

MC3-5 lengths vs. Basal Diameters

PC 2

0.0170

5.1%

MC5 vs. MC3-4 lengths

PC 3

0.0113

3.4%

MC3-5 vs MC1 basal diameters

PC 4

0.00603

1.8%

MC1-5 basal DP vs. ML

doi:10.1371/journal.pone.0125030.t006

moderately negatively on MC I—V base diameters (Table 6, and S2 Table). It accounts for such
a large portion of the total variance because it represents much of the variation in metacarpal
proximodistal length, and the length measurements are absolutely much larger than the proximal diameters and therefore vary much more. PC1 separates most colobines at the positive end
from cercopithecines which are at the negative end. Size, as represented by the geometric
mean of all 13 variables, is correlated with PC1 (p = .04), but it explains little of the variance
(r2 = 0.06). Metacarpal robusticity (length relative to base diameter) shows a much stronger
correlation with PC1 (p < 0.0001, r2 = 0.75) (Fig 6). Metacarpal robusticity has been shown to
reflect locomotor mode and substrate preference more than taxonomic groupings [31]. The
PC1 score for Cercopithecoides williamsi falls in the cercopithecine range, but is near colobines,
reflecting its more robust metacarpals compared with other colobines. The PC1 score for Mesopithecus pentelicus falls well within the cercopithecine range and much farther from the other
colobines (Fig 6).
The second principal component accounts for 5% of variance and loads strongly positively
on MC V length and negatively on MC III—IV lengths. The second PC is also correlated with
size (p = 0.0001, r2 = 0.38). PC2 separates the Cercopithecini at the negative end (i.e., they have
short fifth metacarpals) from all others, but particularly the Papionini at the positive end as
their metacarpals III—V are more even in length (Fig 7). To a lesser degree, PC2 also separates

Fig 6. Scatter plot of MC III robusticity vs. scores of PC1. Metacarpal robusticity is calculated as the Basal Area (Dorsopalmar x Mediolateral
Diameters) / Length. PC1 based on PCA of 13 size adjusted variables as described in text.
doi:10.1371/journal.pone.0125030.g006
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Fig 7. Scatter plot of scores of PC2 vs. PC3 based on PCA of 13 size adjusted variables as described
in text.
doi:10.1371/journal.pone.0125030.g007

Colobina at the positive end from Presbytina which are more negative (i.e., they have shorter
fifth metacarpals). The PC2 score for Cercopithecoides williamsi is within the colobinan range,
while that for Mesopithecus pentelicus falls in the narrow overlap zone of the Presbytina and
Cercopithecini (Fig 7).
The third principal component accounts for 3% of the total variance and loads positively on
the base diameters of MC III—V and negatively on those of MC I. It is also correlated with size
(p = 0.027; r2 = 0.07). It places the colobinans at the positive end, clearly separated from all
presbytinans and papionins, but overlapping the cercopithecins slightly (Fig 7). The PC3 score
for Cercopithecoides williamsi is within the African colobine range, whereas that for Mesopithecus lies at a level where the ranges of the presbytinans, cercopithecins and papionins overlap
(Fig 7).

Discussion
Our data clearly corroborate previous analyses showing that African colobines have significant
reduction in the size of the MC I compared to cercopithecines and presbytinans, with the
length of the MC I in the latter group intermediate between those of colobinans and cercopithecines [23,28](Fig 8). Interestingly, in terms of the relative size of MC I base area, the same
relationship between the three groups is recovered in comparisons of MC I base area compared
to the geometric mean and MC I base area compared to MC II base area, but there is little difference between Asian colobines and cercopithecines when MC I base area is compared to the
MC III-V base areas (Fig 4). Mesopithecus is within the upper size range for both presbytinans
and cercopithecines in MC I base area compared to MC II, IV, and V, but within only the cercopithecine range for MC I length, MC I base area compared to MC III base area, and MC I
base area compared to the geometric mean of all metacarpal measurements [23,28] (Figs 4, 5
and 8). Thus, there is no evidence for pollical reduction in Mesopithecus based on metacarpal
base proportions. Furthermore, the degree of MC I reduction in base area found in all extant
African colobines is greater than in all cercopithecines and Asian colobines studied, suggesting
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Fig 8. Box plots showing relative length of MC I. On the left MC I PD Length / Geometric Mean of 13 variables. On the right MC I PD Length / MC II PD
Length. Colors and groupings as in Fig 4.
doi:10.1371/journal.pone.0125030.g008

there is no overlap in this feature and marking it as a good character for discriminating the extant tribes, particularly when compared to the MC II base area or overall hand size as represented by the geometric mean. Among extant primates, Ateles and Brachyteles also have
reduced thumbs [6,28,32]. In these platyrrhines, it is associated with the frequent use of suspensory locomotor and positional behaviors in an arboreal setting, which may suggest that the
inferred Late Miocene last common ancestor of the colobinans would have been arboreal (and
possibly engaged in some suspensory behaviors), as suggested by Nakatsukasa et al. [23] from
their analysis of Microcolobus.
Almost 40 years ago, Delson [24; p. 205] proposed that when thumbs of Cercopithecoides,
Paracolobus and Libypithecus were recovered, they would be reduced similar to those of extant
African colobines. In fact, KNM-ER 4420 clearly has a degree of MC I reduction comparable to
extant African colobines, thus implying that Cercopithecoides williamsi is a true colobinan and
marking the earliest appearance of colobinan thumb reduction in the fossil record. More specifically, the reduced thumb of C. williamsi places the timing of colobinan-level pollical reduction between the divergence of the African and Asian clades (11–8 Ma) and the divergence of
the crown colobinans (9–6 Ma) [7,9,10]. This phylogenetic inference is also congruent with
previous observations that the P3 protocone is greatly reduced or absent in Cercopithecoides,
another feature shared by all extant Afrian colobines [4,17,19,21,33–35]. Based on these features alone, it is unclear whether Cercopithecoides is a stem colobinan or a member of the
crown group more specifically related to one of the extant genera, Procolobus or Colobus.
Given that molecular estimates suggest Colobus and Procolobus diverged 9–6 Ma, the Pliocene
through Pleistocene age of Cercopithecoides suggests that the latter interpretation is certainly
possible [9].
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There are some morphological features that favor Cercopithecoides being a stem colobinan.
First, Cercopithecoides in general, and C. williamsi in particular, has a suite of postcranial features that suggest it was adapted for terrestrial locomotion, making it different from both Colobus and Procolobus [18,19,21]. If, however, the ancestral colobinan was arboreal as posited
above, this would imply that Cercopithecoides is secondarily terrestrial, which could therefore
be an autapomorphy not excluding the fossil taxon from a sister relationship to either Colobus
or Procolobus.
A second feature supporting Cercopithecoides as a stem colobinan is the presence of a maxillary sinus, a feature absent among all extant colobines, but present in at least C. williamsi and
C. kimeui [36]. A maxillary sinus is also present in the North African species Libypithecus
markgrafi [36], possibly suggesting a close phylogenetic relationship between these two genera.
On the other hand, a maxillary sinus is known in all extant species of the papionin Macaca and
some related fossil forms, implying at least two independent reacquisitions of this primitive
mammalian feature apparently lost in the common ancestor of Cercopithecoidea [36]; it is thus
possible that the occurrences in Libypithecus and Cercopithecoides were convergent as well.
If, however, Cercopithecoides is more closely related to one of the extant genera, a link to
Procolobus seems more likely, though the evidence is not overwhelming. In particular, the
mandible of Cercopithecoides resembles that of Procolobus, especially P. verus. Both genera
have relatively shallow, but robust and thick, corpora with well-developed prominentia laterales [14,37,38]. Furthermore, both genera lack the expanded gonial region of Colobus. Finally,
several Cercopithecoides species (C. williamsi, C. kimeui, C. haasgati) have mandibular symphyses marked by a median mental foramen [14,19,34], a feature otherwise found only in P. verus
among extant colobines, where it is variably present [39]. If this phylogenetic position of Cercopithecoides is correct, it again requires the terrestriality of Cercopithecoides to be autapomorphic. The maxillary sinus would therefore be either autapomorphic or shared with
Libypithecus, but both genera would be more closely related to Procolobus than to Colobus.
This latter hypothesis may find some support in the presence of a distinct sagittal crest in Libypithecus, as in Procolobus but unlike Cercopithecoides.
Ultimately, deciphering the best phylogenetic placement of Cercopithecoides within the
colobinans must await a more complete analysis that considers a wider array of characters
and includes more of the extant and fossil genera. Nonetheless, the manual morphology of
KNM-ER 4420, in combination with that previously known for Mesopithecus and Microcolobus, provides significant insight into the evolutionary history of colobines. The unreduced MC
I of Microcolobus, along with the relatively low cusps and other possibly primitive features support the interpretation that this genus is a stem colobine [23,26]. This phylogenetic placement,
along with the African occurrence of both the earliest colobine fossils [23,26,40] and victoriapithecids [41] all place the origin of colobines in Africa. Furthermore, this also suggests that
presbytinans likely migrated to Asia from Africa. The relatively large pollex of Mesopithecus
[23,27,28,42] would be most compatible with its position as either a stem colobine or a stem
presbytinan. However, if Mesopithecus is a stem colobine, it implies that presbytinans represent
a second colobine migration out of Africa.
Given the evidence at hand, it is difficult to determine if thumb reduction in the Asian and
African colobine lineages evolved in parallel or is homologous as previously suggested [4,17]. If
Mesopithecus is a stem colobine, then it is probable that thumb reduction is a shared derived
character uniting all crown colobines and that Asian colobines retain a more modest degree of
pollical reduction present in the common ancestor of all living colobines. In this scenario, African colobines have simply become even more derived relative to the common ancestor in
terms of metacarpal and pollical reduction. If, however, Mesopithecus is a stem presbytinan, as
is often assumed on biogeographical and general morphological grounds [2,4,5,17], then only
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one migration out of Africa is necessary, but independent evolution of pollical reduction in the
two extant colobine subtribes is most likely [23]. In our analyses, Mesopithecus shows no evidence of first metacarpal reduction and is most often more similar to cercopithecines than to
Asian colobines, especially in MC I length and relative MC I base area.

Conclusions
Our analyses of Cercopithecoides williamsi (KNM-ER 4420) metacarpal morphology demonstrate that this fossil colobine had evolved a significantly reduced pollex, the first good evidence
for colobine thumb reduction known so far in the fossil record. Among cercopithecoid monkeys, extremely reduced thumbs are only found in living African colobines, making it almost
certain that C. williamsi is a close phylogenetic relative of extant Colobus and Procolobus. Because a reduced thumb is generally thought to be associated with highly arboreal behavior such
as suspensory locomotion, the thumb reduction observed in C. williamsi suggests that the terrestrial features in other parts of its skeleton are secondarily derived from a more arboreal ancestor. Finally, early putative fossil Asian colobines such as Mesopithecus show no evidence of
reduced pollices, making it possible that thumb reduction in living Asian and African colobines
evolved convergently.

Supporting Information
S1 Table. Data used in this analysis.  = Measurement not included in the calculation of the
geometric mean and also excluded from the principal components analysis.
(DOC)
S2 Table. Loadings from principal components analysis.
(DOCX)
S1 PGLSTree. Tree file used for phylogenetic least squares adjustments in regressions and
ANOVAs. Tree file in nexus format.
(NEX)

Acknowledgments
We thank Emma Mbua, Kyalo Manthi, Mary Muungu, the National Museum of Kenya, Nairobi (KNM), Getachew Senishaw, Chalachew Seyoum, the National Museum of Ethiopia,
Addis Ababa (NME), Eileen Westwig, Department of Mammalogy, American Museum of Natural History (AMNH), Darrin Lunde, Nicole Edmison, Division of Mammals, National Museum of Natural History, Smithsonian Institution, Washington DC (USNM), and Tim White,
Human Evolution Research Center (HERC) for assistance and access to specimens in their
care. All necessary permits were obtained for the described study, which complied with all relevant regulations. Biren Patel provided the image for Fig 2. We thank the academic editor Jason
Kamilar and two anonymous reviewers for their thoughtful comments; they have improved
this paper. We also thank Jason Kamilar for help with, and providing R code for, running the
phylogenetic least squares corrections.

Author Contributions
Conceived and designed the experiments: SF CG ED. Performed the experiments: SF CG KP
EG ED. Analyzed the data: SF CG. Wrote the paper: SF CG KP EG ED.

PLOS ONE | DOI:10.1371/journal.pone.0125030 May 20, 2015

15 / 17

Hand of Cercopithecoides williamsi

References
1.

Delson E. Catarrhine phylogeny and classification: principles, methods, and comments. J Hum Evol.
1977; 6: 433–459.

2.

Delson E. Evolutionary history of the colobine monkeys in paleoenvironmental perspective. In: Davies
AG, Oates JF, editors. Colobine Monkeys: their ecology, behavior and evolution. Cambridge: Cambridge University Press; 1994. pp. 11–43.

3.

Delson E. Colobinae. In: Delson E, Tattersall I, Van Couvering JA, Brooks AS editors. Encyclopedia of
Human Evolution and Prehistory, 2nd Ed. New York: Garland; 2000. pp. 186–189.

4.

Strasser E, Delson E. Cladistic analysis of cercopithecid relationships. J Hum Evol. 1987; 16: 81–99.

5.

Jablonski NG. Fossil Old World monkeys: the late Neogene radiation. In: Hartwig WC, editor. The Primate Fossil Record. Cambridge: Cambridge University Press; 2002. pp. 255–299.

6.

Fleagle JG. Primate Adaptation and Evolution, 3rd Ed. San Diego: Academic Press; 2013. 464 p.

7.

Raaum RL, Sterner KN, Noviello CM, Stewart C-B, Disotell TR. Catarrhine primate divergence dates
estimated from complete mitochondrial genomes: concordance with fossil and nuclear DNA evidence.
J Hum Evol. 2005; 48: 237–257. PMID: 15737392

8.

Xing J, Wang H, Han K, Ray DA, Huang CH, Chemnick LG, et al. A mobile element based phylogeny of
Old World monkeys. Mol Phylogenet Evol. 2005; 37: 872–880. PMID: 15936216

9.

Ting N. Mitochondrial relationships and divergence dates of the African colobines: evidence of Miocene
origins for the living colobus monkeys. J Hum Evol. 2008; 55: 312–325. doi: 10.1016/j.jhevol.2008.02.
011 PMID: 18423802

10.

Perelman P, Johnson WE, Roos C, Seuánez HN, Horvath JE, Moreira MAM, et al. A molecular phylogeny of living primates. PLoS Genet. 2011; 7(3): e1001342 (doi: 10.1371/journal.pgen.1001342) PMID:
21436896

11.

Steiper ME, Seiffert ER. Evidence for a convergent slowdown in primate molecular rates and its implications for the timing of early primate evolution. Proc Natl Acad Sci U S A. 2012; 109: 6006–6011. doi:
10.1073/pnas.1119506109 PMID: 22474376

12.

Finstermeier K, Zinner D, Brameier M, Meyer M, Kreuz E, Hofreiter M, et al. A mitogenomic phylogeny
of the living primates. PLoS ONE. 2013; 8(7): e69504 (doi: 10.1371/journal.pone.0069504) PMID:
23874967

13.

Jablonski NG, Frost SR. Cercopithecoidea. In: Werdelin L, Sanders WJ, editors. Cenozoic Mammals of
Africa. Berkeley: University of California Press; 2010. pp. 393–428.

14.

Freedman L. Fossil Cercopithecoidea of South Africa. Ann Transvaal Mus. 1957; 23: 121–262.

15.

Maier W. New fossil cercopithecoidea from the Lower Pleistocene cave deposits of the Makapansgat
Limeworks, South Africa. Palaeont Afr. 1970; 13: 69–107.

16.

Leakey REF. New Cercopithecidae from the Chemeron Beds of Lake Baringo, Kenya. Fossil Vertebrates of Africa. 1969; 1: 53–69.

17.

Szalay FS, Delson E Evolutionary History of the Primates. New York: Academic Press; 1979.

18.

Birchette M. Postcranial remains of Cercopithecoides. Am J Phys Anthropol. 1981; 54 (Suppl): 201.

19.

Leakey MG. Extinct large colobines from the Plio-Pleistocene of Africa. Am J Phys Anthropol. 1982;
58: 153–172.

20.

Harris JM, Brown FH, Leakey MG. Stratigraphy and paleontology of Pliocene and Pleistocene localities
West of Lake Turkana, Kenya. Nat Hist Mus Los Angeles Cty Contrib Sci. 1988; 399: 1–128.

21.

Frost SR, Delson E. Fossil Cercopithecidae from the Hadar Formation and surrounding areas of the
Afar Depression, Ethiopia. J Hum Evol. 2002; 43: 687–748. PMID: 12457855

22.

Jablonski NG, Leakey MG, Ward CV, Antón M. Systematic paleontology of the large colobines. In:
Jablonski NG, Leakey MG, editors. Koobi Fora Research Project: Volume 6. The Fossil Monkeys. San
Francisco: California Academy of Sciences; 2008. pp. 31–102.

23.

Nakatsukasa M, Mbua E, Sawada Y, Sakai T, Nakaya H, Yano W, et al. Earliest colobine skeletons
from Nakali, Kenya. Am J Phys Anthropol. 2010; 143: 365–382. doi: 10.1002/ajpa.21327 PMID:
20949609

24.

Delson E. Evolutionary history of the Cercopithecidae. In: Szalay FS, editor. Approaches to Primate Paleobiology, Contrib. Primat., vol. 5. Basel: Karger; 1975. pp. 167–217.

25.

Leakey MG. Colobinae (Mammalia, Primates) from the Omo Valley, Ethiopia. In: Coppens Y, Howell
FC, editors. Les faunes Plio-Pléistocènes de la Basse Vallée de l’Omo (Éthiopie) Tome 3, Cercopithecidae de la Formation de Shungura, Cahiers de Paléontologie, Travaux de Paléontologie Est-Africaine.
Paris: CNRS; 1987. pp. 150–169.

PLOS ONE | DOI:10.1371/journal.pone.0125030 May 20, 2015

16 / 17

Hand of Cercopithecoides williamsi

26.

Benefit BR, Pickford M. Miocene fossil Cercopithecoids from Kenya. Am J Phys Anthropol. 1986; 69:
441–464.

27.

Zapfe H. Mesopithecus pentelicus Wagner aus dem Turolien von Pikermi bei Athen, Odontologie und
Osteologie (Eine Dokumentation). Vienna-Horn: Ferdinand Berger & Söhne; 1991. 203 p.

28.

Jouffroy FK, Godinot M, Nakano Y. Biometrical characteristics of primate hands. Hum Evol. 1991; 6:
269–306.

29.

David Orme, Rob Freckleton, Gavin Thomas, Thomas Petzoldt, Susanne Fritz, Nick Isaac and Will
Pearse. caper: Comparative Analyses of Phylogenetics and Evolution in R. 2013. R package version
0.5.2. http://CRAN.R-project.org/package = caper

30.

R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. 2014. URL http://www.R-project.org/ doi: 10.1016/j.jneumeth.2014.06.
019 PMID: 24970579

31.

Patel BA. Functional morphology of cercopithecoid primate metacarpals. J Hum Evol. 2010; 58:
320–337. doi: 10.1016/j.jhevol.2010.01.001 PMID: 20226498

32.

Tague RG. Variability of metapodials in primates with rudimentary digits: Ateles geoffroyi, Colobus
guereza, and Perodicticus potto. Am J Phys Anthropol. 2002; 117: 195–208. (doi: 10.1002/ajpa.
10028) PMID: 11842399

33.

Frost SR, Plummer T, Bishop LC, Ditchfield P, Ferraro J, Hicks J. Partial cranium of Cercopithecoides
kimeui Leakey, 1982 from Rawi Gully, Southwestern Kenya. Am J Phys Anthropol. 2003;
122:191–199. PMID: 14533178

34.

Gilbert WH, Frost SR. Cercopithecidae. In: Gilbert WH, Asfaw B, editors. Homo erectus: Pleistocene
evidence from the Middle Awash, Ethiopia. Berkeley: University of California Press; 2008. pp.
115–132.

35.

McKee JK, von Mayer A, Kuykendall KL. New species of Cercopithecoides from Haasgat, North West
Province, South Africa. J Hum Evol. 2010; 60: 83–93. doi: 10.1016/j.jhevol.2010.08.002 PMID:
20884042

36.

Rae TC. Paranasal pneumatization in extant and fossil Cercopithecoidea. J Hum Evol. 2008; 54:
279–286. PMID: 18068215

37.

Frost SR. New Early Pliocene Cercopithecidae (Mammalia: Primates) from Aramis, Middle Awash Valley, Ethiopia. Am Mus Novit. 2001; 3350: 1–36.

38.

Harrison T. Cercopithecids (Cercopithecidae, Primates). In: Harrison T, editor. Paleontology and Geology of Laetoli: Human Evolution in Context. Volume 2: Fossil Hominins and the Associated Fauna.
Dordrecht: Springer; 2011. pp. 83–139. (doi: 10.1007/978-90-481-9962-4_6)

39.

Verheyen WN. Contribution à la craniologie comparée des primates. Ann Musée Royale de l’Afrique
Central. 1962; 105: 1–247.

40.

Rossie JB, Gilbert CC, Hill A. Early cercopithecid monkeys from the Tugen Hills, Kenya. Proc Natl Acad
Sci U S A. 2013; 110: 5818–5822. doi: 10.1073/pnas.1213691110 PMID: 23509250

41.

Miller ER, Benefit BR, McCrossin ML, Plavcan JM, Leakey MG, El-Barkooky AN, et al. Systematics of
early and middle Miocene Old World monkeys. J Hum Evol. 2009; 57: 195–211. doi: 10.1016/j.jhevol.
2009.06.006 PMID: 19640562

42.

Delson E. Fossil colobine monkeys of the circum-Mediterranean region and the evolutionary history of
the Cercopithecidae (Primates, Mammalia). Ph.D. dissertation, Columbia University. 1973. Available:
http://pages.nycep.org/ed/publications/index.php

PLOS ONE | DOI:10.1371/journal.pone.0125030 May 20, 2015

17 / 17

